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Summary 14 
Scientists studying the energy expenditure of air-breathing divers are interested in developing a 15 
more tractable technique to support their endeavour. Accelerometers instrumented to animals can 16 
return a tangible measure of those animals’ activity levels, which in some situations correlates with 17 
their metabolic rate. However, I argue that reported evidence for this correlation in semi-aquatic 18 
animals while diving is not always as strong as it seems. This is because some analyses have derived 19 
a measure of activity level by calculating the sum of accelerometry-based values and compared 20 
those data points to measures of summed (total) energy expenditure. These summations mean that 21 
time (duration) has been introduced into both sides of the regression equation. This is likely to 22 
generate a correlation between body acceleration and energy expenditure even if the two variables 23 
are not mechanistically linked because time will correlate with itself. Thus a strong relationship 24 
between a summed measure of energy expenditure and a summed proxy of energy expenditure 25 
indicates only that as time passes an animal burns calories. Issues concerning summation of 26 
variables in principle extend to other potential proxies of energy expenditure, such as heart rate. I 27 
demonstrate the artefactual effect of regressing summed values with analyses of modelled data 28 
using ecologically valid parameters. Unless a summed proxy predicts total energy expenditure 29 
substantially better than does time alone there is little evidence upon which to base a claim that 30 
body acceleration is suitably predictive of metabolic rate. Clarity about the predictive power of body 31 
acceleration to estimate metabolic rate should be sought by simply presenting a graph of the 32 
relationship between these raw values. 33 
 34 
  35 
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Main text 36 
Animals that dive underwater are fascinating, but rather hard to study. Because diving animals must 37 
breath-hold, yet are able to do so for extended periods, much research has focussed on their rates 38 
of energy expenditure while underwater (Butler & Jones 1997), which have considerable influence 39 
on their foraging durations (Halsey, Butler & Blackburn 2006). In the laboratory, or using trained 40 
animals in the field, diving animals can be taught to surface into a respirometer hood and thus their 41 
rate of oxygen consumption measured to quantify their metabolic rate (Halsey, Woakes & Butler 42 
2003). But this technique cannot be applied to fully wild individuals. In such cases our option is to 43 
deploy data logging devices on wild individuals that measure a proxy of energy expenditure. 44 
Beginning in the 1970s, Professor Pat Butler and his lab at the University of Birmingham progressed 45 
the application of the ‘heart rate technique’ (initially developed by Eliassen 1960) to study the 46 
energy expenditure of diving animals (e.g. Butler & Woakes 1975). Heart rate loggers are surgically 47 
implanted and later retrieved through a capture-release-recapture protocol. Heart rate tends to 48 
correlate with metabolic rate (Boothby 1915); the harder an animal is working the faster its heart 49 
beats to support up-regulation of the cardio-respiratory system. 50 
The technique has, and continues to be, key in elucidating the energy budgeting of diving animals, 51 
typically at the scale of at least the dive cycle (Froget et al. 2004) (but see also (Green et al. 2007)). 52 
However, as is well documented, the heart rate technique is logistically demanding (Green 2011). 53 
Two aspects that have been the chagrin of many a practitioner are the general need to implant the 54 
heart rate loggers, and even then the uncertainty that a strong electrocardiogram (ECG) will be 55 
recorded. So for a long time there has been interest in an alternative proxy for metabolic rate, which 56 
is easy to measure in wild animals. In 2005, Professor Rory Wilson, myself and others devised a plan 57 
to demonstrate that the whole-body activity of an animal can be recorded with a data logger and 58 
will relate to its metabolic rate, based on the simple premise that more energy is expended during 59 
periods of high activity (Gleiss, Wilson & Shepard 2011). Acceleration data loggers (accelerometers) 60 
had already been applied in animal research to remotely quantify behaviour (Yoda et al. 2001; 61 
Watanuki et al. 2003), demonstrating that these devices recognise changes in activity. Rory Wilson 62 
developed the metric now termed dynamic body acceleration (DBA), which can easily be derived 63 
from acceleration data and represents a broad measure of the animal’s level of movement at a given 64 
moment in time – its rate of activity. We needed to demonstrate that DBA correlated with metabolic 65 
rate, but neither Rory Wilson nor I had access to laboratory animals. Once again the University of 66 
Birmingham was involved; an ongoing project there studying captive birds provided us with the 67 
opportunity. Cormorants walking on a treadmill were an unlikely model, but they allowed us to 68 
demonstrate that as the birds walked faster, not only did their metabolic rate increase but so did the 69 
acceleration of their trunk to which an accelerometer was attached (Wilson et al. 2006). 70 
The accelerometry technique applied to diving animals 71 
In the following few years, a growing number of lab-based studies were painting the encouraging 72 
picture that DBA correlated well with metabolic rate during activity in a great diversity of taxa from 73 
birds (Wilson et al. 2006; Green et al. 2009; Halsey et al. 2009b) and mammals (Halsey et al. 2008; 74 
Halsey et al. 2009b) to amphibians (Halsey & White 2010), fish (Clark et al. 2010; Gleiss et al. 2010) 75 
and cuttlefish (Payne et al. 2011). 76 
However none of these studies investigated animals while they were diving. A relationship between 77 
energy expenditure and DBA in diving animals might be predicted because, similarly to the treadmill 78 
scenario, dives involving greater activity are associated with higher rates of energy expenditure 79 
(Halsey, Woakes & Butler 2003). In contrast to typical situations on land, however, diving involves 80 
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the complicating issues of intermittent breathing, a lack of a physiological steady state (Fedak, Pullen 81 
& Kanwisher 1988), and possibly changes in regional body temperatures affecting metabolism 82 
(Gremillet, Tuschy & Kierspel 1998; Enstipp, Grémillet & Jones 2006; Lovvorn 2007). Further possible 83 
complications associated with measuring energy expenditure during breath-hold diving are 84 
discussed in Halsey et al. (2011a). Given the value of data loggers to the study of semi-aquatic 85 
animals it was important to find out whether accelerometers could be used to estimate their energy 86 
expenditure during diving. 87 
Cormorants again provided the model for this test of the accelerometry technique, but this time we 88 
ran the experiments at the University of British Columbia, taking advantage of their impressive 10 m-89 
deep dive tank (Figure 1a). This super-sized laboratory environment allowed the birds to undertake 90 
repeated dives to the sort of depths they reached in the wild. They were required to surface each 91 
time into a respirometry hood (Figure 1b). Our data showed a strong correlation between total 92 
oxygen consumed by a bird each dive cycle (a dive and the subsequent surfacing period of recovery) 93 
and a summation of DBA over the same period (Halsey et al. 2011b [their Figure 1]). This concurred 94 
with data published some years before by Williams et al. (2004) on Weddell seals Leptonychotes 95 
weddelli, showing a strong relationship between total oxygen consumed and the total number of 96 
strokes performed during a dive; stroke count had been estimated from a one-axis accelerometer 97 
(Williams et al. 2004 [their Figure 5b]). Some recently published studies present results that also 98 
concur with these findings by demonstrating that similar relationships hold for semi-aquatic animals 99 
exhibiting a range of natural behaviours which include extensive diving. Summed DBA in 100 
combination with initial body mass and distance travelled is a strong predictor of mass change 101 
(which is closely related to total energy expenditure; Croxall 1982) in northern fur seals Callorhinus 102 
ursinus (Skinner et al. 2014). Jeanniard‐du‐Dot et al. (2016 [their Figure 2]) present strong 103 
relationships between total energy expended and summed DBA across foraging trips in both 104 
northern and Antarctic fur seals (Callorhinus ursinus and Arctocephalus gazella). The same authors 105 
followed up with a second publication on the same species indicating strong relationships between 106 
total energy expended and cumulative flipper beats (interpreted from accelerometry data) 107 
specifically during periods of diving (Jeanniard-du-Dot et al. 2016 [their Figure 1]), and a similar 108 
relationship was reported in northern elephant seals Mirounga angustirostris by Maresh et al. 109 
(Maresh et al. 2014; Maresh et al. 2015). Stothart et al. (2016 [their Figure 3a]) report as part of 110 
their findings a very strong relationship between summed DBA and mass-specific total energy 111 
expenditure during daily activities in a diving cormorant Phalacrocorax pelagicus. 112 
Yet none of these findings indicate that mean DBA correlates with metabolic rate. Why? 113 
The time trap 114 
In each of these aforementioned analyses, both energy expenditure and DBA (or flipper strokes 115 
interpreted from accelerometry) were calculated as summations over the data collection period (e.g. 116 
a dive cycle or foraging bout), with one data point per animal. Thus when testing for a correlation, 117 
total energy expended was regressed against total DBA. Of course, the longer an animal is wearing 118 
an accelerometer logger the greater the summed acceleration stored on the logger and at the same 119 
time the greater the animal’s total energy expenditure; both variables are increasing inexorably over 120 
time (Figure 2a). If the duration of the measurement period varies between animals, and thus 121 
between data points, in the regression, as was the case in each of the aforementioned studies, then 122 
time will correlate with itself. In other words, a correlation can exist between summed acceleration 123 
and total energy expenditure but be driven entirely by the fact that summation of the two variables 124 
has brought time into both sides of the equation (Figure 2b). In turn, this finding alone provides no 125 
evidence for a relationship between DBA and metabolic rate; interpreting that it does can be 126 
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considered as falling into the ‘time trap’. This trap is not set for accelerometry alone, but is in 127 
principle awaiting any proxy measure of metabolic rate. 128 
In our diving cormorant paper, we went on to show that there was a complete lack of relationship 129 
between rate of oxygen consumption and mean DBA (at the scales of both dives and diving bouts; 130 
Halsey et al. 2011b [their Figures 3 and 4]). We also made the argument that the correlation for 131 
Weddell seals reported by Williams et al. (2004) only arose because their analysis had fallen into the 132 
time trap. The R2 reported for the relationship between total oxygen consumed and the number of 133 
strokes performed during a dive (0.87) was very similar to that obtained when total oxygen 134 
consumption was instead regressed against time (dive duration; R2 = 0.85). (The addition of a 135 
random variable to a regression is quite likely to improve the R2 by at least 0.02).  This suggests that 136 
the number of strokes taken by the seals correlated with their total oxygen consumption only 137 
because both variables were correlated with dive duration. Furthermore, in Halsey et al. (2011b) we 138 
reported on a reanalysis of data presented for a relationship between rate of oxygen consumption 139 
and mean DBA in Steller sea lions Eumetopias jubatus (Fahlman et al. 2008); the one other analysis 140 
which by that time had attempted to calibrate DBA in a semi-aquatic species during diving 141 
behaviour. Our reanalysis returned an R2 value of just 0.14 (Halsey et al. 2011b). 142 
Despite consideration of the time trap being prominent in the discussion of our diving cormorant 143 
study, it appears that the warnings we offered have often been ignored (though see Stothart et al. 144 
2016). Indeed, our cormorant study has been repeatedly cited as an example of the validity of the 145 
accelerometry technique for diving animals (Elliott et al. 2012; Skinner et al. 2014; Jeanniard-du-Dot 146 
et al. 2016). And in recent years I have refereed a number of submitted manuscripts from a host of 147 
research groups where analyses have centred around summed values of energy expenditure and 148 
DBA to test for evidence that DBA relates to metabolic rate; sometimes other referees for these 149 
manuscripts have suggested summing values as an improvement to the analysis. 150 
There is an ever growing interest in the application of the accelerometry technique to a broadening 151 
array of species (Mosser et al. 2014; Williams et al. 2014), and a keenness to demonstrate this 152 
relatively tractable method for measuring energy expenditure in wild animals. It is therefore of 153 
paramount importance that researchers understand how easy it is to fall into the time trap, and how 154 
readily this trap springs even if the underlying measures of metabolic rate and activity levels are 155 
wholly unrelated to each other. 156 
To impress this point, in the current article I present this concept graphically, using simulated 157 
datasets, generated in R (R Development Core Team 2011), comprising multiple independent paired 158 
measurements of ecologically valid metabolic rate and DBA recorded for a study species. This was 159 
achieved by randomly generating the model’s input values (metabolic rate, DBA and logger 160 
recording duration), assuming a flat underlying distribution, within the ranges for those values 161 
reported in one of the aforementioned papers (Jeanniard‐du‐Dot et al. 2016) for northern fur seals. 162 
In my view this paper, for the reason argued in this article, concludes there is a strong relationship 163 
between energy expenditure and DBA without presenting sufficient evidence. Specifically, the model 164 
presented in the current study has the same number of data points (animals) to that of Jeanniard‐165 
du‐Dot et al. (2016), and a similar mean and spread of recording durations associated with those 166 
data points. The range of metabolic rates and the range of mean DBA values were also very similar 167 
to those presented in that empirical study. Within this framework, the random generation of 168 
metabolic rate and mean DBA values simulated the sampling of two variables that are unrelated. 169 
Modelled metabolic rate was then summed to calculate total energy expenditure, i.e. it was 170 
calculated as the product of metabolic rate and recording duration (time). Summed DBA was 171 
calculated as the product of mean DBA and time. Finally, the R2 values were calculated for the linear 172 
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regression of metabolic rate against mean DBA, and total energy expenditure against summed DBA. 173 
10 000 iterations of the model were run. 174 
As would be expected for two randomly generated variables, the relationship between metabolic 175 
rate and mean DBA was typically negligible (Figure 3a and c, and Figure 4a). Mean R2 ± 1 standard 176 
deviation was 0.10 ± 0.12. The relationship between total energy expenditure and summed DBA was 177 
most commonly of medium strength (Figure 3b). However, it varied around this mean value 178 
encompassing almost the full range of possible R2 values (0 to 1; Figure 4b). Mean R2 ± 1 standard 179 
deviation for this relationship was 0.50 ± 0.20. The mean R2 value is therefore improved by the 180 
inclusion of time to both sides of the regression equation by on average 0.40 (Figure 3a v. Figure 3b). 181 
The frequency distribution of R2 values for the relationship between total energy expenditure and 182 
summed DBA was Gaussian, indicating that in around half of the simulations R2 was even higher than 183 
0.5. Thus the chances of generating a relationship returning an R2 considerably higher than 0.5 184 
despite metabolic rate and mean DBA being entirely unrelated is substantial (Figure 3d).   185 
Concluding thoughts 186 
The allure of diving animals is unabated; rightly so researchers continue to be captivated by their 187 
breath-holding feats and there is much still to learn (Elsner 2015). Despite the development of the 188 
heart rate technique (Green et al. 2007) and other methods such as the doubly-labelled water 189 
technique (Shaffer 2011), obtaining accurate estimates of energy expenditure in submerged divers is 190 
still laden with difficulties (Butler et al. 2004; Halsey 2011). It is therefore understandable that 191 
researchers want the accelerometry technique to work with such creatures. And there is evidence 192 
that, at least for sea turtles, it does. Both Enstipp et al. (2011) and Halsey et al. (2011a) reported 193 
strong lab-derived relationships between metabolic rate and mean DBA during diving bouts in green 194 
turtles Chelonia mydas.  195 
However, given that the models presented in the current article demonstrate how the time trap can 196 
produce good relationships between energy expenditure and DBA when the two variables are not 197 
mechanistically linked, the conclusion from the literature thus far must be that there is a lack of 198 
compelling evidence for a metabolic rate-mean DBA relationship in any other taxon while diving. 199 
And this is supported by a string of papers on pinnipeds broadly concluding that there is little 200 
evidence the accelerometry technique works on these species when they are at sea (Dalton, Rosen 201 
& Trites 2014; Skinner et al. 2014; Volpov et al. 2015; Volpov et al. In Press); see also Rosen et al. 202 
(2016). Finally, while there is some evidence that in seabirds the relationship can arise across a 203 
broad array of behaviours that include diving, it is unclear whether the relationship holds during 204 
diving periods alone (Elliott et al. 2012; Stothart et al. 2016). 205 
Halsey et al. (2011a) in particular discuss possible reasons why there is this contrasting success for 206 
the accelerometry technique between turtles and other species (see also Elliott et al. 2012; Volpov 207 
et al. In Press). For many diving animals their movements may be damped while submerged 208 
resulting in activity while at the surface having an unrepresentatively large effect on DBA, 209 
exacerbated by wave action; however, most of the green turtle’s body is submerged when it is at the 210 
water surface (Halsey et al. 2011a). Heat lost during dives can also uncouple energy expenditure 211 
from body movement (Gremillet, Tuschy & Kierspel 1998; Enstipp, Grémillet & Jones 2006), but the 212 
metabolic rate of green turtles is not thermally dependent at the water temperatures they 213 
experience in the wild (Southwood et al. 2006). In some scenarios and species, digestion, gliding 214 
behaviour and buoyancy may also disrupt the potential relationship between DBA and metabolic 215 
rate (Volpov et al. In Press). 216 
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In time it might be shown that, at least under certain conditions, the metabolic rate-mean DBA 217 
relationship is also present in species where thus far the evidence for this correlation is poor. 218 
Accounting for metabolic suppression during dives (Stothart et al. 2016) or the confounding 219 
influence of wave action on the body during surface periods (Elliott et al. 2012), may offer some 220 
routes to uncovering relationships currently hidden. Otherwise, perhaps higher computational 221 
analyses of acceleration data, for example including gyroscope or magnetometry data to 222 
discriminate linear from rotational motions (López et al. 2016; Ware et al. 2016) will characterise 223 
diving behaviour sufficiently well such that it can be effectively related to metabolic rate, so long as 224 
a sufficient portion of metabolic rate is explained by body movements (Halsey, Shepard & Wilson 225 
2011; Elliott 2016). Other possibilities include the addition of cameras to clarify how acceleration 226 
relates to behaviour details (Cade et al.), or combining heart rate and accelerometry measures 227 
(Bishop et al. 2015), or coupling the accelerometry analysis with biomechanical modelling (Elliott 228 
2016). 229 
An argument might be made that summing DBA values, while inappropriate for assessing whether 230 
higher activity rates are related to a higher metabolic rate, might nevertheless be an effective way to 231 
estimate the energy an animal has expended over a given period of time such as a dive or diving 232 
bout. After all, summed DBA incorporates both duration and degree of activity, both of which might 233 
be good predictors of total energy expenditure. This supposition can only be confirmed, however, by 234 
comparing the strength of the relationship with that of the correlation between total energy 235 
expenditure and time (alone). In the aforementioned diving Weddell seal example (Williams et al. 236 
2004), as discussed earlier this comparison did not provide evidence for the predictive power of 237 
accelerometry. Indeed, considering flipper beats as the energy expenditure proxy provides a clear 238 
image of the mistake made in interpreting cumulative values as evidence for a relationship between 239 
rates. The seal’s flippers are somewhat analogous to a ticking clock; tick-tock, tick-tock – the beats of 240 
the flippers count the accumulation of passing time. And, of course, the model outputs in the 241 
present article support this argument, illustrating how a relationship between the summations can 242 
exist without any underlying relationship between the rates. The simplest way to separate out the 243 
complicating and confounding effects of time when assessing the efficacy of the acceleration 244 
technique as a predictor of energy expenditure is to leave time out of the equation. 245 
In the present article I do not argue that the accelerometry technique is a poor method for 246 
estimating rates of energy expenditure in wild animals; as with all methods, it has its limitations 247 
(Halsey, Shepard & Wilson 2011) yet in many scenarios its effectiveness has been demonstrated 248 
(Wilson et al. 2013; Brodie et al. 2016). I also do not argue that accelerometry for estimating rates of 249 
energy expenditure is inappropriate for diving animals in general; it has been shown to calibrate in 250 
turtles (Enstipp et al. 2011; Halsey et al. 2011a) and there is also an argument that, at least within 251 
individuals, changes in mean DBA may provide qualitative insight into changes in metabolic rate 252 
(Halsey et al. 2009a; Green 2011; Halsey, Shepard & Wilson 2011). Nor do I even argue that 253 
particular species or situations are definitely unsuitable for the technique. Rather, I have suggested 254 
that certain studies claiming strong evidence that the technique works for particular species have 255 
overstepped the mark, because the time trap has limited the insight of their correlative analyses. 256 
When we have gathered data that we believe indicate a relationship between metabolic rate and 257 
mean DBA or the mean of any other proxy, for the sake of full disclosure and clarity we should 258 
present this key finding as a straightforward plot of the raw values. 259 
 260 
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Figure 1. (a) The 10-m dive tank at the University of British Columbia. (My colleague Craig White can 272 
just be made out standing at the top, in front of the viewing hut). (b) The double-crested cormorants 273 
had to resurface after each dive into a respirometry hood, in order that their rates of respiratory gas 274 
exchange could be measured. In this photograph, the cormorant has been placed within the hood 275 
prior to the start of the experiment. Upon commencement of the experiment, the netting that the 276 
bird is standing on falls away to allow the bird access to the water below.  277 
  278 
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 279 
Figure 2. As the time that an experiment has been underway increases, cumulative measures 280 
recorded during that experiment inevitably increase in size. (a) The total energy expenditure of an 281 
animal in the field will inexorably increase as time passes (upper line), as will summed measures of 282 
the proxy recorded on the data logger instrumented to the animal (lower line). I.e. both these 283 
variables innately correlate with time. For the same animal or different animals, it is therefore very 284 
likely that correlating coupled measures of total energy expenditure (open circles) against a totalled 285 
value of the measured proxy (closed circles) taken from distinctly different time points will (b) result 286 
in a strong relationship, and this can be driven simply by the relationship between both variables 287 
and time. 288 
 289 
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Figure 3. Examples of the simulated relationships between energy expenditure and dynamic body 292 
acceleration (DBA) produced by the model, where R2 increases considerably when these two 293 
variables are multiplied by time. (a) and (c) Relationships between metabolic rate (MJ d-1) and mean 294 
DBA, where the values for each variable were randomly generated within pre-set upper and lower 295 
bounds. (b) and (d) Relationships between the product of metabolic rate and time (total energy 296 
expenditure), and the product of DBA and time (summed DBA), where the values of metabolic rate 297 
and mean DBA were those generated to create the relationships presented in (a) and (c) 298 
respectively, and the values of time associated with each data point were unique and ranged 299 
between pre-set upper and lower bounds. See main text for further details. In (a) and (b) the R2 300 
values for each relationship (a: R2 = 0.10; b: R2 = 0.50) are very close to the mean and modal R2 301 
values from 10 000 iterations of the model. Panels (c) and (d) show a more extreme scenario but one 302 
that still occurred quite frequently, in which R2 for (a) the relationship between metabolic rate and 303 
mean DBA was again 0.10 however (b) the R2 for the relationship between total energy expenditure 304 
and time, and summed DBA, was 0.75. 305 
 306 
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307 
  308 
Figure 4. The percentages of binned R2 values between 0 and 1 for 10 000 iterations of a modelled 309 
linear relationship between (a) metabolic rate (MR) and mean dynamic body acceleration (DBA), and 310 
(b) summed MR (total energy expenditure; total EE), and summed DBA. See the main text for details.  311 
 312 
 313 
 314 
 315 
 316 
  317 
12 
 
References 318 
Bishop, C.M., Spivey, R.J., Hawkes, L.A., Batbayar, N., Chua, B., Frappell, P.B., Milsom, W.K., 319 
Natsagdorj, T., Newman, S.H., Scott, G.R., Takekawa, J.Y., Wikelski, M. & Butler, P.J. (2015) 320 
The roller coaster flight strategy of bar-headed geese conserves energy during Himalayan 321 
migrations. Science, 347, 250-254. 322 
Boothby, W. (1915) A determination of the circulation rate in man at rest and at work. American 323 
Journal of Physiology, 37, 383-417. 324 
Brodie, S., Taylor, M., Smith, J., Suthers, I.M., Gray, C.A. & Payne, N.L. (2016) Improving consumption 325 
rate estimates by incorporating wild activity into a bioenergetics model. Ecology and 326 
Evolution. 327 
Butler, P.J., Green, J.A., Boyd, I.L. & Speakman, J.R. (2004) Measuring metabolic rate in the field: the 328 
pros and cons of the doubly labelled water and heart rate methods. Functional Ecology, 18, 329 
168-183. 330 
Butler, P.J. & Jones, D.R. (1997) Physiology of Diving Birds and Mammals. Physiological Reviews, 77, 331 
837-899. 332 
Butler, P.J. & Woakes, A.J. (1975) Changes in heart rate and respiratory frequency associated with 333 
natural submersion of ducks. Proceedings of the Physiological Society, 73P-74P. 334 
Cade, David E., Friedlaender, Ari S., Calambokidis, J. & Goldbogen, Jeremy A. Kinematic Diversity in 335 
Rorqual Whale Feeding Mechanisms. Current Biology, 26, 2617-2624. 336 
Clark, T., Sandblom, E., Hinch, S.G., Patterson, D., Frappell, P.B. & Farrell, A. (2010) Simultaneous 337 
biologging of heart rate and acceleration, and their relationships with energy expenditure in 338 
free-swimming sockeye salmon (Oncorhynchus nerka) Journal of Comparative Physiology B, 339 
180, 673-684. 340 
Croxall, J.P. (1982) Energy costs of incubation and moult in petrels and penguins. Journal of Animal 341 
Ecology, 51, 177-194. 342 
Dalton, A., Rosen, D. & Trites, A. (2014) Season and time of day affect the ability of accelerometry 343 
and the doubly labeled water methods to measure energy expenditure in northern fur seals 344 
(Callorhinus ursinus). Journal of Experimental Marine Biology and Ecology, 452, 125-136. 345 
Eliassen, E. (1960) A method for measuring the heart rate and stroke/pulse pressures in birds by 346 
normal flight. Norwegian Universities Press. 347 
Elliott, K., Le Vaillant, M., Kato, A., Speakman, J.R. & Ropert-Coudert, Y. (2012) Accelerometry 348 
predicts daily energy expenditure in a bird with high activity levels. Biology Letters. 349 
Elliott, K.H. (2016) Measurement of flying and diving metabolic rate in wild animals: Review and 350 
recommendations. Comparative Biochemistry and Physiology Part A: Molecular & 351 
Integrative Physiology. 352 
Elsner, R. (2015) Diving Seals and Meditating Yogis: Strategic Metabolic Retreats. University of 353 
Chicago Press. 354 
Enstipp, M.R., Ciccione, S., Gineste, B., Milbergue, M., Ballorain, K., Ropert-Coudert, Y., Kato, A., Plot, 355 
V. & Georges, J.-Y. (2011) Energy expenditure of freely swimming adult green turtles 356 
(Chelonia mydas) and its link with body acceleration. The Journal of Experimental Biology, 357 
214, 4010-4020. 358 
Enstipp, M.R., Grémillet, D. & Jones, D. (2006) The effect of depth, temperature and food ingestion 359 
on the foraging energetics of a diving endotherm, the double-crested cormorant 360 
(Phalcrocorax auritus). Journal of Experimental Biology, 209, 845-859. 361 
Fahlman, A., Wilson, R., Svard, C., Rosen, D. & Trites, A. (2008) Activity and diving metabolism 362 
correlate in Steller sea lion Eumetopias jubatus. Aquatic Biology, 2, 75-84. 363 
Fedak, M.A., Pullen, M.R. & Kanwisher, J. (1988) Circulatory responses of seals to periodic breathing: 364 
heart rate and breathing during exercise and diving in the laboratory and open sea. 365 
Canadian Journal of Zoology, 66, 53-60. 366 
13 
 
Froget, G., Butler, P.J., Woakes, A.J., Fahlman, A., Kuntz, G., Le Maho, Y. & Handrich, Y. (2004) Heart 367 
rate and energetics of free-ranging king penguins (Aptenodytes patagonicus). Journal of 368 
Experimental Biology, 207, 3917-3926. 369 
Gleiss, A., Dale, J., Holland, K. & Wilson, R. (2010) Accelerating estimates of activity-specific 370 
metabolic rate in fishes: Testing the applicability of acceleration data-loggers. Journal of 371 
Experimental Marine Biology and Ecology, 385, 85-91. 372 
Gleiss, A.C., Wilson, R.P. & Shepard, E.L.C. (2011) Making overall dynamic body acceleration work: on 373 
the theory of acceleration as a proxy for energy expenditure. Methods in Ecology and 374 
Evolution, 2, 23-33. 375 
Green, J. (2011) The heart rate method for estimating metabolic rate: Review and 376 
recommendations. Comparative Biochemistry and Physiology, Part A, 258, 287-304. 377 
Green, J., Halsey, L., Butler, P. & Holder, R.L. (2007) Estimating the rate of oxygen consumption 378 
during submersion from the heart rate of diving animals. American Journal of Physiology, 379 
292, R2028-R2038. 380 
Green, J., Halsey, L.G., Wilson, R.P. & Frappell, P.B. (2009) Estimating energy expenditure of animals 381 
using the accelerometry technique: activity, inactivity and comparison with the heart-rate 382 
technique. Journal of Experimental Biology, 212, 471-482. 383 
Gremillet, D., Tuschy, I. & Kierspel, M. (1998) Body temperature and insulation in diving Great 384 
Cormorants and European Shags. Functional Ecology, 12, 386-394. 385 
Halsey, L. (2011) The challenge of measuring energy expenditure: current field and laboratory 386 
methods. Comparative Biochemistry and Physiology Part A, 158, 247-251. 387 
Halsey, L., Shepard, E., Hulston, C., Venables, M., White, C., Jeukendrup, A. & Wilson, R. (2008) 388 
Acceleration versus heart rate for estimating energy expenditure and speed during 389 
locomotion in animals: tests with an easy model species, Homo sapiens. Zoology, 111, 231-390 
241. 391 
Halsey, L., Shepard, E. & Wilson, R. (2011) Assessing the development and application of the 392 
accelerometry technique for estimating energy expenditure. Comparative Biochemistry and 393 
Physiology A, 158, 305-314. 394 
Halsey, L.G., Butler, P.J. & Blackburn, T.M. (2006) A phylogenetic analysis of the allometry of diving. 395 
American Naturalist, 167, 276-287. 396 
Halsey, L.G., Jones, T.T., Jones, D.R., Liebsch, N. & Booth, D.T. (2011a) Measuring Energy Expenditure 397 
in Sub-Adult and Hatchling Sea Turtles via Accelerometry. PLoS ONE, 6, e22311. 398 
Halsey, L.G., Portugal, S., Smith, J., Murn, C. & Wilson, R. (2009a) Recording raptor behavior on the 399 
wing via accelerometry. Journal of Field Ornithology, 80, 171-177. 400 
Halsey, L.G., Shepard, E.L.C., Quintana, F., Gomez Laich, A., Green, J.A. & Wilson, R.P. (2009b) The 401 
relationship between oxygen consumption and body acceleration in a range of species. 402 
Comp Biochem Physiol A Mol Integr Physiol, 152. 403 
Halsey, L.G. & White, C.R. (2010) Measuring energetics and behaviour using accelerometry in cane 404 
toads Bufo marinus. PLoS ONE, 5, e10170. 405 
Halsey, L.G., White, C.R., Enstipp, M.R., Wilson, R., Butler, P., Martin, G., Gremillet, D. & Jones, D. 406 
(2011b) Assessing  the  Validity  of  the  Accelerometry  Technique  for  Estimating the  407 
Energy  Expenditure  of  Diving  Double-Crested  Cormorants Phalacrocorax auritus. 408 
Physiological and Biochemical Zoology, 84, 230-237. 409 
Halsey, L.G., Woakes, A.J. & Butler, P.J. (2003) Testing optimal foraging models for air-breathing 410 
divers. Animal Behaviour, 65, 641-653. 411 
Jeanniard-du-Dot, T., Trites, A.W., Arnould, J.P.Y., Speakman, J.R. & Guinet, C. (2016) Flipper strokes 412 
can predict energy expenditure and locomotion costs in free-ranging northern and Antarctic 413 
fur seals. Scientific reports, 6, 33912. 414 
Jeanniard‐du‐Dot, T., Guinet, C., Arnould, J.P., Speakman, J.R. & Trites, A.W. (2016) Accelerometers 415 
can measure total and activity‐specific energy expenditures in free‐ranging marine mammals 416 
only if linked to time‐activity budgets. Functional Ecology. 417 
14 
 
López, L.M.M., de Soto, N.A., Miller, P. & Johnson, M. (2016) Tracking the kinematics of caudal-418 
oscillatory swimming: a comparison of two on-animal sensing methods. Journal of 419 
Experimental Biology, jeb. 136242. 420 
Lovvorn, J.R. (2007) Thermal substitution and aerobic efficiency: measuring and predicting effects of 421 
heat balance on endotherm diving energetics. Philosophical Transactions of the Royal 422 
Society of London B. 423 
Maresh, J., Adachi, T., Takahashi, A., Naito, Y., Crocker, D., Horning, M., Williams, T. & Costa, D. 424 
(2015) Summing the strokes: energy economy in northern elephant seals during large-scale 425 
foraging migrations. Movement Ecology, 3, 1. 426 
Maresh, J.L., Simmons, S.E., Crocker, D.E., McDonald, B.I., Williams, T.M. & Costa, D.P. (2014) Free-427 
swimming northern elephant seals have low field metabolic rates that are sensitive to an 428 
increased cost of transport. The Journal of Experimental Biology, 217, 1485-1495. 429 
Mosser, A.A., Avgar, T., Brown, G.S., Walker, C.S. & Fryxell, J.M. (2014) Towards an energetic 430 
landscape: broad-scale accelerometry in woodland caribou. Journal of Animal Ecology, 83, 431 
916-922. 432 
Payne, N., Gillanders, B., Seymour, R.S., Webber, D., Snelling, E. & Semmens, J. (2011) Accelerometry 433 
reveals diel patterns in field metabolic rate of giant Australian cuttlefish Sepia apama during 434 
breeding. Journal of Animal Ecology, 80, 422-430. 435 
R Development Core Team (2011) R: A language and environment for statistical computing. R 436 
Foundation for Statistical Computing, Vienna. 437 
Rosen, D.A., Hindle, A.G., Gerlinsky, C.D., Goundie, E., Hastie, G.D., Volpov, B.L. & Trites, A.W. (2016) 438 
Physiological constraints and energetic costs of diving behaviour in marine mammals: a 439 
review of studies using trained Steller sea lions diving in the open ocean. Journal of 440 
Comparative Physiology B, 1-22. 441 
Shaffer, S.A. (2011) A review of seabird energetics using the doubly labeled water method. 442 
Comparative Biochemistry and Physiology Part A, 258, 315-322. 443 
Skinner, J.P., Mitani, Y., Burkanov, V.N. & Andrews, R.D. (2014) Proxies of food intake and energy 444 
expenditure for estimating the time–energy budgets of lactating northern fur seals 445 
Callorhinus ursinus. Journal of Experimental Marine Biology and Ecology, 461, 107-115. 446 
Southwood, A., Reina, R., Jones, V., Speakman, J. & Jones, D. (2006) Seasonal metabolism of juvenile 447 
green turtles (Chelonia mydas) at Heron Island, Australia. Canadian Journal of Zoology, 84, 448 
125-135. 449 
Stothart, M.R., Elliott, K.H., Wood, T., Hatch, S.A. & Speakman, J.R. (2016) Counting calories in 450 
cormorants: dynamic body acceleration predicts daily energy expenditure measured in 451 
pelagic cormorants. Journal of Experimental Biology, 219, 2192-2200. 452 
Volpov, B.L., Goundie, E., Rosen, D. & Trites, A.W. (In Press) Transiting to depth disrupts overall 453 
dynamic body acceleration and oxygen consumption rate in freely diving Steller sea lions. 454 
Marine Ecology Progress Series. 455 
Volpov, B.L., Rosen, D.A., Trites, A.W. & Arnould, J.P. (2015) Validating the relationship between 3-456 
dimensional body acceleration and oxygen consumption in trained Steller sea lions. Journal 457 
of Comparative Physiology B, 1-14. 458 
Ware, C., Trites, A.W., Rosen, D.A.S. & Potvin, J. (2016) Averaged Propulsive Body Acceleration 459 
(APBA) Can Be Calculated from Biologging Tags That Incorporate Gyroscopes and 460 
Accelerometers to Estimate Swimming Speed, Hydrodynamic Drag and Energy Expenditure 461 
for Steller Sea Lions. PLoS ONE, 11, e0157326. 462 
Watanuki, Y., Niizuma, Y., Gabrielsen, G.W., Sato, K. & Naito, Y. (2003) Stroke and glide of wing-463 
propelled divers: deep diving seabirds adjust surge frequency to buoyancy change with 464 
depth. Proceedings of the Royal Society of London, B, 270, 483-488. 465 
Williams, T.M., Fuiman, L.A., Horning, M. & Davis, R.W. (2004) The costs of foraging by a marine 466 
predator, the Weddell seal Leptonychotes weddellii: pricing by the stroke. Journal of 467 
Experimental Biology, 207, 973-982. 468 
15 
 
Williams, T.M., Wolfe, L., Davis, T., Kendall, T., Richter, B., Wang, Y., Bryce, C., Elkaim, G.H. & 469 
Wilmers, C.C. (2014) Instantaneous energetics of puma kills reveal advantage of felid sneak 470 
attacks. Science, 346, 81-85. 471 
Wilson, R.P., White, C.R., Quintana, F., Halsey, L.G., Liebsch, N., Martin, G.R. & Butler, P.J. (2006) 472 
Moving towards acceleration for estimates of activity‐specific metabolic rate in free‐living 473 
animals: the case of the cormorant. Journal of Animal Ecology, 75, 1081-1090. 474 
Wilson, S., Hinch, S.G., Eliason, E., Farrell, A. & Cooke, S.J. (2013) Calibrating acoustic acceleration 475 
transmitters for estimating energy use by wild adult Pacific salmon. Comparative 476 
Biochemistry and Physiology A, 164, 491-498. 477 
Yoda, K., Naito, Y., Sato, K., Takahashi, A., Nishikawa, J., Ropert-Coudert, Y., Kurita, M. & Le Maho, Y. 478 
(2001) A new technique for monitoring the behaviour of free-ranging adélie penguins. 479 
Journal of Experimental Biology, 204, 685-690. 480 
 481 
 482 
